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Edited by Takashi GojoboriAbstract We show that the drosophila gene encoding the dys-
trophin-like protein (DLP) is as complex as the mammalian dys-
trophin gene. Three 5 0 promoters and three internal promoters
regulate the expression of three full-length and three truncated
products, respectively. The existence of this complex gene struc-
ture in such evolutionary remote organisms suggests that both
types of products have diverse important functions. The promot-
ers of both the DLP gene and the mammalian dystrophin gene
are located in very large introns. These introns contribute signif-
icantly to the large size of the genes. The possible relevance of
the conservation of the large size of introns containing promoters
to the regulation of promoter activity is discussed.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Dystrophin, the protein whose deﬁciency results in Duch-
enne Muscular Dystrophy (DMD), is a large rod-shaped pro-
tein comprised of four domains: N-terminal actin-binding
domain, twenty four spectrin-like triple helix repeats, a cys-
teine-rich domain, and a unique C-terminal domain [1]. In
muscle, dystrophin is a part of a large complex that links the
actin cytoskeleton, the sarcolemma, and the extracellular ma-
trix. Other proteins in the complex are collectively called dys-
trophin-associated proteins (DAPs, reviewed in [2–4]).
Absence of dystrophin or some components of the DAPs com-
plex, results in progressive damage to muscle ﬁbers during cy-
cles of contraction and relaxation. Recent studies suggest that
the dystrophin-DAPs complex may also be involved in signal-
ing in muscle and other tissues (reviewed in [5]).
Dystrophin is encoded by one of the largest and most com-
plex mammalian genes. Three 5 0 promoters and four internal
promoters regulate the 2.2 mega base gene. Thus, the gene ex-
presses, in a tissue and cell-type speciﬁc manner, three full-Abbreviations: DMD, duchenne muscular dystrophy; DLP, dystro-
phin-like protein; PCR, polymerase chain reaction; RT, reverse tran-
scription; RACE, rapid ampliﬁcation of cDNA ends
q Accession number of Dp205 – AV875639.
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doi:10.1016/j.febslet.2005.08.073length dystrophin isoforms, and four truncated proteins, each
consisting of the cysteine-rich and C-terminal domains of dys-
trophin, with various extensions into the spectrin-like repeats
domain (Fig. 1). The 5 0 promoters are active in muscle and
glial cells (the M promoter [6]), in neurons (the B promoter
[6–8]) and in Purkinji cells in the brain (the P promoter [9]).
The smaller proteins, named according to their molecular
weights, include: Dp71 [10–13]; Dp116 [14]; Dp140 [15]; and
Dp260 [16].
Dystrophin is very similar in its domain structure, amino
acids sequence (50% identity), and gene structure to another
cytoskeletal protein, utrophin [17,18]. While all vertebrates
studied so far have both the dystrophin and utrophin genes,
invertebrates have only one related gene, which is the ortho-
logue of the ancestral dystrophin/utrophin gene. It is therefore
suggested that the gene duplication event forming the dystro-
phin and utrophin genes, occurred during early evolution of
vertebrates [19,20].
Previously, we cloned the drosophila homologue of the dys-
trophin/utrophin ancestral gene, the dystrophin-like protein
(DLP) gene. We identiﬁed in the gene three 5 0 promoters,
which regulate the expression of full-length products, and
one internal promoter that regulates the expression of a 186
Kd protein, Dp186 (Fig. 2 and [21]). Here, we describe two
additional truncated gene products, showing that the gene is
controlled by at least six promoters. Three promoters regulate
the expression of full-size dystrophin-like proteins, and three
regulate the expression of smaller proteins. According to the
location of their ﬁrst exons (in relation to the coding se-
quence), one of the proteins is the orthologue of mammalian
and sea urchin Dp116. The other two drosophila truncated
products have no known vertebrates orthologues.
Interestingly, the promoters of the DLP gene are situated in
the largest introns of the gene. Likewise, the promoters of hu-
man and mouse dystrophin genes are situated in very large in-
trons, whose size is conserved in these two species. These
ﬁndings show that the large introns, which contain promoters,
are major contributors to the unusually large size of the dystro-
phin gene in various organisms.2. Materials and methods
2.1. RT/PCR
Total RNA was prepared using the Purescript RNA isolation kit
fromGentra. cDNAwas synthesized using Superscript II Reverse trans-
criptase (GIBCO/BRL), and N6 random primer or speciﬁc primers.
Ready polymerase chain reaction (PCR) kit from Abgene was used
for PCR in the following program: 4 min at 94 C followed by 35 cyclesblished by Elsevier B.V. All rights reserved.
Fig. 1. The structure of the human dystrophin gene, and its products. The upper part shows the exon/intron (bars/bold lines) structure of the gene
(not in scale), and the transcription start sites (bent arrows) of the various gene products. B, M, and P show the transcription start sites of the brain,
muscle, and Purkinji isoforms of dystrophin. Each gene product has a speciﬁc ﬁrst exon (1). The lower part shows the structure of the gene products.
The truncated products were named according to their molecular weights (from [37], modiﬁed).
Fig. 2. The structure of the DLP gene, and its products. The upper part shows the exon/intron (bars/horizontal lines) structure of the gene, and the
transcription start sites (bent arrows) of the various gene products. Exons 1a–1f are the ﬁrst speciﬁc exons of the six gene products. The lower part
shows the domain structure of the various products, and the product-speciﬁc N-termini. The truncated products were named according to their
molecular weights.
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primers were from diﬀerent exons. The antisense 3 0 primer for DLPs,
Dp186 and Dp205 mRNAs – 5 0CCTGTTCCATCGAG ACGATCG.
The speciﬁc sense primers for these mRNAs – 5 0GGCGACGTAAAA-
CGGCAACAACTGC, 5 0GAAGGTCTTCGCACGACGAAA, and
5 0GCCCTCCACTGCGCCATGATCAC, respectively. The sense and
antisense primers for Dp117 mRNA – 5 0TCCTGATGATCGACA-
GCAGCT and 5 0CGCTCTGGCCGAGATTGGGGAG, respectively.
The PCR products were analyzed by electrophoresis on 1% agarose gels
containing 1 lg/ml ethidium bromide.
2.2. 5 0RACE
5 0 Rapid ampliﬁcation of cDNA ends (5 0RACE) analysis was per-
formed essentially as described by Frohman et al. [22], starting with to-
tal RNA. cDNA was synthesized using Superscript II Reverse
transcriptase and an antisense speciﬁc primer complementary to the se-
quence of an upstream exon (5 0CGCTCTGGCCGAGATTGGGGAG
for Dp117 and 5 0GATAACCCACTCGGTCAGTTCG for Dp205).
After puriﬁcation (using High Pure PCR Product Puriﬁcation Kit from
Roche), the cDNA was dA- or dG-tailed, using terminal transferase
(Roche), and ampliﬁed by nested PCR, using an mRNA-speciﬁc anti-
sense primers (5 0GCAAGCTTCTCCTGCTGCAGTGGCTCCT-
GATG for Dp117 and 5 0TTGCAGGGCCTGTTGCTGTTGC forDp205), and a sense primer consisting of a restriction site and 3 0 oligo
(T) or oligo (C) tail, depending on the tail in the cDNA. The PCR
products were sequenced, or cloned and sequenced.
2.3. Computer search for coding sequences and sequence analysis
Introns were analyzed for the presence of coding sequences and
promoters using by GENSCAN at GeniusNet from Heidelberg, Ger-
many. Comparison of nucleotide sequences and amino acids se-
quences were done using the Advanced BLAST server of NCBI
and the Bestﬁt program of Genetic Computer Group (GCG10), Uni-
versity Research Park, Madison, WI. The sizes of introns were in-
ferred from the comparison of the cDNA sequences to the genomic
sequences, using the BLAT search genome program of UCSC
Genome Bioinformatic.3. Results
3.1. Two additional products of the DLP gene
We previously described a transcript that is initiated in in-
tron 16 of the DLP gene. The encoded protein, Dp186, consists
1 Stapleton et al. (2003), direct submission, Accession no. BT010020.
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C-terminal domain of DLP. On the basis of its location in rela-
tion to the coding sequence, intron 16 of the DLP gene does
not have a homologue in the human dystrophin gene.
Human introns 29 and 44, which contain the promoters and
ﬁrst exons of Dp260 and Dp140, respectively, do not have
homologous introns in the dmDLP gene. Human introns 55
and 62, which contain the promoters and ﬁrst exons of
Dp116 and Dp71, respectively, have homologous introns in
the ﬂy gene, introns 22 and 29, respectively. Since intron 29
is very small (66 bp) it is unlikely to accommodate a unique
ﬁrst exon and a promoter. Indeed, using the 5 0RACE tech-
nique we did not ﬁnd evidence of a transcript initiated in this
intron. On the other hand, intron 22 is very large (47 kb), and
its homologues in sea urchin and mammals harbor internal
promoters [14,19]. We therefore performed gene prediction
analysis on intron 22 of the DLP gene and identiﬁed several
putative coding exons. Using RT/PCR, we found that one of
these putative exons was spliced in frame to exon 23 of the
gene. The predicted coding sequence begins with an ATG
translation start site. The presence of 5 0non-coding sequences
upstream from the initiator ATG was predicted by the com-
puter analysis and conﬁrmed by RT/PCR analysis. In addi-
tion, we did not ﬁnd evidence by RT/PCR analysis for
splicing of the new exon to upstream known exons of the
DLP gene. Using the 5 0RACE technique, we identiﬁed the
transcription start site of the mRNA in an additional 5 0 non-
coding exon, residing in the same intron 22 (Fig. 2). The com-
puter programs used did not predict the existence of this exon.
The 5 0RACE analysis also suggests the existence of a second
transcription start site in the non-coding sequence of the sec-
ond exon (not shown). The encoded protein consists of a un-
ique large N-terminus, two spectrin-like repeats; hinge region
no. 4, and the cysteine-rich and C-terminal domains of
dmDLP (Fig. 2). According to the location of the unique exons
in relation to the protein coding sequences, the encoded pro-
tein is the evolutionary homologue of Dp116. However, unlike
the unique ﬁrst exon of Dp116, which encodes a short product-
speciﬁc N-terminus consisting of 10 amino acids, the unique
exons of its drosophila orthologue encode a large polypeptide
of 870 amino acids. The molecular weight of the encoded pro-
tein is 205 Kd (Accession No. AV875639). We called the pro-
tein, according to the nomenclature of internal products of the
dystrophin gene family, Dp205. RT/PCR analysis showed that
Dp205 mRNA is expressed in embryos, larvae, and adult ﬂies
(not shown).
Recently, Hild et al. [23] identiﬁed by annotation potential
new drosophila coding sequences, and conﬁrmed by RT/PCR
that they were expressed as mRNAs. By searching the data-
base we found that one of their annotated sequence (Acces-
sion No. BK002672) encoded the speciﬁc N-terminus of
Dp205, with some additional amino acids at the C-terminus.
However, the annotated protein lacked the entire sequence
shared by Dp205 and DLP. As detailed above, our RT/
PCR and 5 0RACE analysis indicates that this clone repre-
sents the second exon of Dp205. Our analysis suggests that
the extra 188 bp of the 3 0 end of the annotated sequence
BK002672 (which are not found in Dp205 mRNA) are intron
sequence.
A cDNA clone that was sequenced as part of a high
throughput process to clone drosophila gene collection [24] en-
codes a protein consisting of the cysteine-rich and C-terminaldomains of DLP and a unique 269 amino acids N-terminus 1.
The calculated molecular weight of the encoded protein is
117Kd. The presence of 5 0UTR, and RT/PCR analysis that
we performed showed that the cDNA represents a third inter-
nal transcript of the DLP gene and not an alternative splicing
form of DLP mRNA. We therefore called the encoded protein
Dp117. Analysis of the genomic DNA shows that the 5 0 unique
sequence of the mRNA is transcribed from two exons localized
in intron 26 of the DLP gene (Fig. 2). The predicted initiator
ATG is preceded by 635 bp of non-coding sequence. Interest-
ingly, using RT/PCR analysis we identiﬁed an alternative splic-
ing form of the 5 0 UTR of Dp117 mRNA in which the donor
site of exon 1 recognizes an acceptor site within exon 2. Thus,
the 5 0UTR of the resulting mRNA is 86 nucleotides shorter
than that of the sequence submitted by Stapleton et al. 5 0RACE
analysis, which we performed, conﬁrmed the identity of the 5 0
end of the published sequence of Dp117 mRNA, indicating that
the promoter of this transcript resides in intron 26 of the DLP
gene. Dp117 consists of a unique N-terminus (269 amino acids),
hinge region no. 4 and the cysteine-rich and C-terminal do-
mains of DLP. RT/PCR analysis indicates that Dp117 mRNA
is expressed in all the developmental stages of drosophila.
The three internal products of the DLP gene contain long
product-speciﬁc N-termini (Fig. 2). Blast analysis of the unique
amino acid sequences of the N-terminal regions of Dp186,
Dp117 and Dp205 did not reveal signiﬁcant similarity to
known proteins. In addition, we did not detect any signiﬁcant
similarity in amino acids sequence between the speciﬁc N-ter-
mini of the three truncated gene products, suggesting that they
have diﬀerent functions. A search for functional motifs revealed
various potential sites for modiﬁcations, such as phosphoryla-
tion by several kinases, myristoyalation, as well as sequences
that may be involved in protein–protein interactions. The func-
tional signiﬁcance of these motifs and of the unique N-termini
of Dp186, Dp205 and Dp117 await further studies.
3.2. The product-speciﬁc N-termini are conserved in other
drosophila species
Computer sequence analysis and comparison showed that
the speciﬁc N- termini of Dp205 and Dp117 have been con-
served in other Drosophila species. We found 92.5% and 96%
sequence identity between the speciﬁc N-termini of Dp117
and Dp205 of Drosophila melanogaster and Drosophila yakuba,
and 76% and 85% sequence identity between these speciﬁc N-
termini of Drosophila melanogaster and Drosophila pseudoobs-
cura. The estimated evolutionary distances between D. yakuba
and D. melanogaster and between D. pseudoobscura and D.
melanogaster are 13 and 55 million years, respectively [25].
The conservation of the speciﬁc N-termini of the truncated
products for at least 55 million years indicates that they have
important functions.
3.3. The internal promoters of the DLP gene are situated in large
introns
The DLP gene is one of the largest genes of drosophila
(about 130 kb). Introns comprise about 90% of the gene. Sev-
eral introns are noticeably large and are the major contributors
to the size of the gene. As shown in Fig. 3, we found that the
four largest introns of the gene harbor internal promoters.
Fig. 3. The internal promoters of the DLP gene and of its orthologues from Drosophila yakuba and Drosophila pseudoobscura are located in the
largest introns of the genes. The introns that contain the ﬁrst exons and promoters of the gene products are indicated by the name of the product.
Some introns are too small to be seen in the ﬁgure.
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comprise about 75% of the gene. In D. yakuba and D. pseud-
oobscura these introns comprise more than 80% of the gene.
3.4. The internal promoters of mammalian dystrophin genes are
situated in very large introns
As shown in Fig. 4, also in the dystrophin genes of human
and mouse, the internal promoters are situated in very large in-
trons. Likewise, the 5 0 introns that contain the muscle type and
purkinji-type dystrophin promoters are very large. Unlike the
drosophila DLP gene, the mammalian dystrophin genes con-Fig. 4. The internal promoters of the genes encoding mouse and human dys
ﬁrst exons and promoters of the gene products are indicated by the produ
between the human and mouse genes.tain several additional large introns, which are not known to
contain promoters.
Due to an overall reduction in intron length, the chicken
dystrophin gene is smaller than its mammalian orthologue –
its size is about one mega base. Nevertheless, the 5 0 introns
and the introns harboring the promoters of the internal prod-
ucts remained among the largest introns in the gene (not
shown).
Like Drosophila, Ceanorhabditis elegans has only one gene
encoding a dystrophin-like protein [26]. The warm gene is only
31kb long, it does not have large introns, and we are not awaretrophins are located in very large introns. The introns that contain the
cts names. Note also the conservation of size of homologous introns
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gene.4. Discussion
4.1. The structure of the DLP gene and its products
We have previously reported that the DLP gene, the Dro-
sophila homologue of the vertebrates genes encoding dystro-
phin and utrophin, encodes three full-length gene products,
DLP 1, 2, and 3 and a truncated protein Dp186 ([21] and
Fig. 2). Here, we characterized two additional internal prod-
ucts of the DLP gene, Dp117 and Dp205. Our ﬁndings show
that the DLP gene is as complex as the mammalian dystrophin
gene. Thus, the structure of a large gene encoding several full-
length products and several truncated products has been con-
served for at least 600 million years, indicating that both type
of products have important functions.
Dp205 is the evolutionary orthologue of mammalian Dp116.
We have previously reported that also sea urchin has a Dp116
orthologue [19]. These ﬁndings, and the identiﬁcation of a
Dp116 homologue encoded by the utrophin gene, Up116
[27], show that Dp116 is an old and conserved internal dystro-
phin gene product. Dp117 and Dp186 do not have mammalian
homologues. Thus, with regards to location of the promoters
in relation to the coding sequence, only one internal product
identiﬁed so far, is found in both vertebrates and invertebrates.
Due to the large evolutionary distance and the lack of se-
quence similarity we could not determine whether the 5 0 pro-
moters of the ﬂy gene are evolutionary related to the 5 0
promoters of the mammalian gene (Figs. 1 and 2).
The variability in the location of the internal promoters in
the dystrophin genes of various organisms raises the question
of the origin of these promoters. One possibility is that the
ancestral dystrophin gene contained all the currently existing
promoters of the gene in vertebrates and invertebrates, and dif-
ferent promoters were lost in various evolutionary pathways.
Alternatively, new promoters could be diﬀerentially formed,
diﬀerentially inserted into existing introns, or diﬀerentially in-
serted with new introns into the genes. It is also possible that
like introns, promoters have been shuttled from and into the
gene, perhaps with the introns in which they are located. Cur-
rently available data are not suﬃcient to diﬀerentiate between
these alternatives.
The products of the dystrophin gene in mammals have very
short (few amino acids) N-termini, which are product-speciﬁc.
It is likely that the existence of multiple promoters (and the
speciﬁc ﬁrst exons) is related to requirement of the cell-type
speciﬁc expression of the various gene products. On the other
hand, a common feature of the three internal products of the
DLP gene is the large unique N-termini, consisting of hun-
dreds of amino acids. These N-termini may have speciﬁc func-
tions, possibly interactions with other proteins. However, since
the three N-termini are not similar to other proteins in the
database, we cannot, so far, assign biological functions to
these parts of the proteins.
4.2. Introns that contain promoters are major contributors to the
size of the genes encoding dystrophin and related proteins
In human, the 14 kb of dystrophin mRNA is encoded by
2.2 Mb of DNA (0.07% of the human genome). Thus, morethan 99% of the dystrophin gene consists of introns. Some in-
trons are very large. Comparison of intron size between human
and mouse dystrophin genes shows great similarity [28], indi-
cating that the sizes of introns have been highly conserved dur-
ing approximately 80 million years of evolution. As previously
shown and discussed by Pozzoli et al. [28] introns size in the
dystrophin gene have been conserved in spite of events of dele-
tions and insertions and the presence of species-speciﬁc repet-
itive elements, which comprise approximately one quarter of
each gene. In addition, the average size of introns in human
genes is greater than the average size of mouse introns
[28,29]. We showed here that the introns containing the 5 0
and internal promoters are, in general, the largest in the gene.
Thus, the introns that contain promoters comprise about 40%
of the huge dystrophin gene. The correlation between large in-
trons and the presence of promoters is even more pronounced
in the DLP gene. In this gene of D. melanogaster the average
size of introns, which contain promoters, is approximately
33-fold greater than the average size of other introns. The in-
trons which contain promoters comprise approximately 83%
of total intron length. These numbers for D. yakubaare 49-fold
and 89%, respectively. Thus introns which contain promoters
comprise a major part of the DLP gene in the drosophila spe-
cies that we analyzed.
The functions of introns have not yet been completely
determined. Introns may be involved in regulation of gene
expression (by harboring cis-control elements), in increasing
the repertoire of proteins (by alternative splicing), in the
structure and architecture of the chromatin, in the assembly
of new genes (by exons shuﬄing), and probably in additional
processes. Introns, and especially large introns, may have
some selective disadvantages. For example, it takes a great
deal of energy to synthesize large primary transcripts. Large
introns are also targets for mutations, including deletion
mutations and loss of coding exons (e.g., deletion mutations
in the human dystrophin gene, resulting in DMD). In accor-
dance with this, in general, most introns are not large
[30,31]. In spite of that, the sizes of the large introns in
the dystrophin gene, especially those containing promoters
and near by introns, have been conserved during evolution
[28]. The homologous introns, 62 in the human gene
(63 kb, contains the promoter of Dp71), and 29 in the ﬂy
gene (66 bp, does not contain a promoter) provide a good
example of the direct relation between the presence of a pro-
moter and the size of the intron. Two other homologous in-
trons, 55 in the human gene and 22 in the ﬂy gene contain
promoters and are both very large (120 and 47 kb, respec-
tively). These data support the notion that the presence of
an internal promoter in an intron results in the conservation
of large size of the intron.
It is conceivable that like promoters, large introns may con-
tain cis-regulatory elements. Some of them may reside quite far
away from the transcription start sites, and may be aﬀected by
deletions in the intron. Large introns may serve as separators
between the promoters, thus allowing eﬃcient cell-type speciﬁc
regulation of each promoter without being aﬀected by neigh-
boring promoters. It is also possible that the large introns
are related to the structure of the chromatin, the location of
the promoters within the nucleus, and to interactions of the
promoters with nuclear structures (like the nuclear mem-
brane), which makes them accessible to regulation and cell-
type speciﬁc transcription. The possible involvement of large
5370 S. Neuman et al. / FEBS Letters 579 (2005) 5365–5371introns (that contain or do not contain promoters) in the three-
dimensional structure of the chromatin may be the reason for
the conservation of their size in the mammalian dystrophin
gene. Iarovaia et al. [32] showed recently that the human dys-
trophin gene is organized in the nucleus in a speciﬁc loop do-
mains structure. It is quite well accepted that the loop
domain is related to the basic structure of chromatin and that
this structure is important for replication, transcription, regu-
lation of transcription, and for other functions of the chroma-
tin (reviewed in [33]).
Recent experimental and annotation data suggest that a
signiﬁcant proportion (10–18%) of genes in mammals (and
most likely in other eukaryotes) are regulated by alternative
promoters [34,35]. The downstream promoters usually reside
in the ﬁrst introns. It was also reported that, on the average,
ﬁrst introns are longer than other introns and are, some-
times, exceptionally long [36]. It will be of interest to ﬁnd
out whether there is a signiﬁcant correlation between large
introns and the presence of alternative promoters in eukary-
otes. Our initial analysis, based on the annotated structure
of drosophila genes from chromosome 2R (from FlyBase
Report) revealed that more than 50% of the genes that are
larger than 30 kb have large 5 0 introns, and two or more
predicted remote ﬁrst exons regulated by alternative promot-
ers (not shown).
Acknowledgements: The research was supported by grants from the
Muscular Dystrophy Association, USA (MDA), Association Francaise
Contre Myopathies, (AFM), and The Israel Science Foundation, grant
no. 843/04. We thank Ms. Vivienne Laufer for editorial assistance.References
[1] Koenig, M., Monaco, A.P. and Kunkel, L.M. (1988) The
complete sequence of dystrophin predicts a rod-shaped cytoskel-
etal protein. Cell 53, 219–228.
[2] Ozawa, E., Yoshida, M., Suzuki, A., Mizuno, Y., Hagiwara, Y.
and Noguchi, S. (1995) Dystrophin-associated proteins in mus-
cular dystrophy. Hum. Mol. Genet. 4, 1711–1716.
[3] Campbell, K.P. (1995) Three muscular dystrophins: loss of
cytoskeleton-extracellular matrix linkage. Cell 80, 675–679.
[4] Michele, D.E. and Campbell, K.P. (2003) Dystrophin-glycopro-
tein complex: post-translational processing and dystroglycan. J.
Biol. Chem. 278, 15457–15460.
[5] Rando, T.A. (2001) The dystrophin-glycoprotein complex, cellu-
lar signaling and the regulation of cell survival in the muscular
dystrophies. Muscle Nerve 24, 1575–1594.
[6] Nudel, U., Zuk, D., Einat, P., Zeelon, E., Levy, Z., Neuman, S.
and Yaﬀe, D. (1989) Duchenne muscular dystrophy gene product
in brain is not identical to its product in muscle. Nature 737, 76–
78.
[7] Barnea, E., Zuk, D., Simantov, R., Nudel, U. and Yaﬀe, D.
(1990) Speciﬁcity of expression of the muscle and brain dystro-
phin gene promoters in muscle and brain cells. Neuron 5, 881–
888.
[8] Boyce, F.M., Beggs, A.H., Feener, C. and Kunkel, L.M. (1991)
Dystrophin is transcribed in brain from a distant upstream
promoter. Proc. Natl. Acad. Sci. USA 15, 1276–1280.
[9] Gorecki, D.C., Monaco, A.P., Deny, M.J., Walker, A.P.,
Barnard, E.A. and Barnard, P.J. (1992) Expression of four
alternative dystrophin transcripts in brain regions regulated by
diﬀerent promoters. Human. Mol. Genet. 1, 505–510.
[10] Bar, S., Barnea, E., Yaﬀe, D. and Nudel, U. (1990) A novel
product of the Duchenne muscular dystrophy gene which diﬀers
greatly from the known isoforms in its structure and tissue
distribution. Biochem. J. 272, 557–560.
[11] Lederfein, D., Levy, Z., Augier, N., Monet, D., Moths, G., Fuchs,
O., Yaﬀe, D. and Nudel, U. (1992) A 71-kDa protein is a majorproduct of the Duchenne muscular dystrophy gene in brain and
other non muscle tissues. Proc. Natl. Acad. Sci. USA 89, 5346–
5350.
[12] Hugnot, J.P., Gilgenkrantz, H., Vincent, N., Chafey, P., Morris,
G.E., Monaco, A.P., Berwald-Netten, Y., Koulakoﬀ, A., Kaplan,
J.C., Kahn, A. and Chelly, J. (1992) Distal transcript of the
dystrophin gene initiated from an alternative ﬁrst exon and
encoding a 75-kDa protein widely distributed in non-muscle
tissues. Proc Natl. Acad. Sci. USA 89, 7506–7510.
[13] Leibovitz, S., Meshorer, A., Fridman, Y., Wieneke, S., Jockusch,
H., Yaﬀe, D. and Nudel, U. (2002) Exogenous Dp71 is a
dominant negative competitor of dystrophin in skeletal muscle.
Neuromuscul. Disord. 12, 836–844.
[14] Byers, T.J., Lidov, H.G.W. and Kunkel, L.M. (1993) An
alternative dystrophin transcript speciﬁc to peripheral nerve.
Nat. Genet. 4, 77–81.
[15] Lidov, G.W.H., Selig, S. and Kunkel, L.M. (1995) Dp140: a novel
140 kDa CNS transcript from the dystrophin locus. Hum. Mol.
Genet. 4, 329–335.
[16] Dsouza, V.N., Nguyen, T.M., Morris, G.E., Piller, D.A. and
Ray, P.N. (1995) A novel dystrophin isoform is required for
normal retinal electrophysiology. Hum. Mol. Gen. 4, 837–842.
[17] Love, D.R., Hill, D.F., Dickson, G., Spurr, N.K., Blyth, B.C.,
Marsded, R.F., Walsh, F.S., Edward, Y.H. and Davies, K.E.
(1989) An autosomal transcript in skeletal muscle with homology
to dystrophin. Nature 339, 55–58.
[18] Blake, D.J., Tinsley, J.M. and Davies, K.E. (1996) Utrophin: a
structural and functional comparison to dystrophin. Brain Pathol.
6, 37–47.
[19] Wang, J., Pansky, A., Venuti, J.M., Yaﬀe, D. and Nudel, U.
(1998) A sea urchin gene encoding dystrophin related proteins.
Hum. Mol. Genet. 7, 581–588.
[20] Roberts, R.G. and Bobrow, M. (1998) Dystrophins in vertebrates
and invertebrates. Hum. Mol. Genet. 7, 589–595.
[21] Neuman, S., Kaban, A., Volk, T., Yaﬀe, D. and Nudel, U. (2001)
The dystrophin/utrophin homologues in Drosophila and sea
urchin. Gene 263, 17–29.
[22] Frohman, M.A., Dush, M.K. and Martin, G.R. (1988) Rapid
production of full-length cDNAs from rare transcripts: ampliﬁcat
gene-speciﬁc oligonucleotide primer. Proc. Natl. Acad. Sci. USA
85, 8998–9002.
[23] Hild, M., Beckmann, B., Haas, S.A., Koch, B., Solovyev, V.,
Busold, C., Fellenberg, K., Boutrus, M., Vingron, M., Sauer,
F., Hoheisel, J.D. and Paro, R. (2003) An integrated gene
annotation and transcriptional proﬁling approach towards the
full gene content of the Drosophila genome. Genome Biol. 5,
R3.
[24] Rubin, G.M., Hong, L., Brokstein, P., Evans-Holm, M., Frise, E.,
Stapleton, M. and Harvey, D.A. (2000) A Drosophila comple-
mentary DNA resource. Science 287, 2222–2224.
[25] Tamura, K., Subramanian, S. and Kumar, S. (2004) Temporal
patterns of fruit ﬂy (Drosphila) evolution revealed by mutations
clocks. Mol. Biol. Evol. 21, 36–44.
[26] Bessou, C., Giugia, J.-B., Franks, C.J., Holden-Dye, L.
and Segalat, L. (1998) Mutations in the Caenorhabditis
elegans dystrophin-like gene dys-1 lead to hyperactivity and
suggest a link with cholinergic transmission. Neurogenetics
2, 61–72.
[27] Blake, D.J., Schoﬁeld, J.N., Zuellig, R.A., Gorecki, D.C., Phelps,
S.R., Barnard, E.A., Edwards, Y.H. and Davies, K.E. (1995) G-
utrophin, the autosomal homologue of dystrophin Dp116, is
expressed in sensory ganglia and brain. Proc. Natl. Acad. Sci.
USA 92, 3697–3701.
[28] Pozzoli, U., Elgar, G., Cagliani, R., Riva, L., Comi, G.P.,
Bresolin, N., Bardoni, A. and Sironi, M. (2003) Comparative
analysis of vertebrate dystrophin loci indicate intron gigantism as
a common feature. Genome Res. 13, 764–772.
[29] Deutsch, M. and Long, M. (1999) Intron–exon structures
of eukaryotic model organisms. Nucleic Acids Res. 27,
3219–3228.
[30] Castillo-Davis, C.I., Mekhedov, S.L., Hartl, D.L., Koonin, E.V.
and Kondrashov, F.A. (2002) Selection for short introns in highly
expressed genes. Nat. Genet. 31, 415–418.
[31] Parsch, J. (2003) Selective constraints on intron evolution in
Drosophila. Genetics 165, 1843–1851.
S. Neuman et al. / FEBS Letters 579 (2005) 5365–5371 5371[32] Iarovaia, O.V., Bystritskiy, A., Ravcheev, D., Hancock, R. and
Razin, S.V. (2004) Visualization of individual DNA loops and a
map of loop domains in the dystrophin gene. Nucleic. Acids Res.
32, 2079–2086.
[33] Heng, H.H.Q., Krwetz, S.A., Lu, W., Bremer, S., Liu, G. and Ye,
C.Y. (2001) Re-deﬁning the chromatin loop domain. Cytogenet.
Cell Genet 93, 155–161.
[34] Zavolan, M., van Nimwegen, E. and Gaasterland, T. (2002) Splice
variation in Mouse full-length cDNAs identiﬁed by mapping to
the mouse genome. Genome Res 12, 1377–1385.[35] Trinklein, N.D., Aldred, S.J., Saldanha, A.J. and Myers,
R.M. (2003) Identiﬁcation and functional analysis of
human transcriptional promoters. Genome Res. 13, 308–
312.
[36] Kriventseva, E.V. and Gelfand, M.S. (1999) Statistical analysis of
the exon-intron structure of higher and lower eukaryote genes. J.
Biom. Struct. Dyn. 17, 281–288.
[37] Yaﬀe, D., Nudel, U., Greenberg, D., Lederfein, D. and Rapaport,
D. (1996) The DMD gene: Search for function of its non-muscle
products. Cell. Pharmacol. 3, 331–336.
